Population genetics strategies offer an alternative and powerful approach for obtaining information about long-distance movement, and have been widely used for examining patterns and magnitude of insect dispersal over geographic and temporal scales. Such strategies are based on the principle that genetic divergence between local populations reflects the interplay between genetic drift and gene flow, and thus can function as an indicator of dispersal capacity. Relatively new approaches for inferring population history are widely applicable for documenting introduction routes of invasive or quarantine species. These approaches are based on genetic variability calculated from changes in gene frequency of subpopulations, measured using molecular genetic markers. Inferences from population genetics can supplement and corroborate conventional observational approaches for characterizing insect dispersal and have provided important clues to many questions raised in the field of behavior and ecology of insects. Here, we summarize our work on the boll weevil as a case study to illustrate the kinds of information on dispersal capacity and dispersal patterns that can be obtained from population genetics techniques that would be difficult or impossible to acquire in other ways. Then we provide examples of how the molecular markers and population genetics tools have been applied to answer immediate questions of relevance to eradication program managers. Though the latter are idiosyncratic to this particular pest, they demonstrate the kinds and range of problems that can be addressed in other systems through application of population genetics strategies. 
Introduction
Many animals, including insects, exhibit characteristic spatial and temporal patterns of dispersal. Some insects move only short distances during their entire lifetime, whereas others engage in one or more bouts of long-distance movement as adults. Adult movement can be classified into three main types (Dingle and Drake, 2007) : 1) station keeping, 2) ranging, and 3) migration. Station keeping flights include foraging for resources such as food, mates, or oviposition sites, and defines an individual's home range. During ranging, an individual moves beyond its home range in search of a resource unavailable in its current vicinity. Ranging is facultative and terminates when the resource is located, after which station keeping movement resumes (Jander, 1975; Reynolds et al., 2006; Dingle and Drake, 2007) . Migration is characterized by uninterrupted straight-line flight that is not influenced by resource cues, such as suitable habitats or potential mates (Kennedy, 1985; Reynolds et al., 2006) , and may or may not be part of a species' repertoire of behaviors. Migration behavior tends to result in greater spatial displacement than the net lifetime displacement resulting from an individual's normal station keeping or ranging behaviors, which are usually of shorter duration and more meandering. Although not related to an insect's dispersal behavior, accidental human-mediated transport can result in dispersal far beyond the range achievable by natural flight Miller et al., 2005; .
Adult dispersal is a critical life-history variable of any insect pest. It affects its survival, gene flow, colonization of crop hosts, local pest pressure, rate of evolution and spread of local adaptations (including resistance), and spread of associated pathogens. Long-distance dispersal of insect pests, whether through natural flight or humanmediated transport, usually complicates management strategies and thus increases its negative economic impact on the affected commodity at regional and global scales (Miller et al., 2005; Kim et al., 2010) . Thus, knowledge of dispersal patterns and capacity of insects is key to designing effective management strategies, but it is an inherently difficult trait to characterize for any type of mobile insect, and generally requires a combination of techniques for gaining a comprehensive understanding of movement across different spatial scales (Reynolds et al., 2006) . Entomologists have a variety of direct observational approaches at their disposal, such as mark-release-recapture, electronic tags, and radar-tracking, as well as indirect methods such as trapping, range expansion records, and laboratory flight behavior experiments. Among the observational approaches, mark-release-recapture methods are widely employed. These allow direct detection of individual movement by capturing marked individuals at a defined distance from a release point, and thus are capable of measuring dispersal distance without any assumptions of population models. However, this method is most effective in characterizing short range movement. Assessing long range movement is a much greater challenge. Although direct documentation of long-distance movement, even over 100s of km, is sometimes possible using mark-recapture strategies (e.g., Showers et al., 1989 Showers et al., , 1993 , such studies are logistically very demanding, often requiring large teams of cooperators, and are usually impractical (Miller et al., 2009b) .
Population genetics strategies offer an alternative and powerful approach for obtaining information about long-distance movement (Lushai and Loxdale, 2004; Lowe and Allendorf, 2010) , and have been widely used for examining patterns and magnitude of insect dispersal over geographic (e.g., Jiang et al., 2007 Jiang et al., , 2010 Nagoshi et al., 2009 ) and temporal scales (Kim et al., 2009) . Such strategies are based on the principle that genetic divergence between local populations reflects the interplay between genetic drift and gene flow, and thus can function as an indicator of dispersal capacity (Allendorf and Luikart, 2007; Broquet and Petit, 2009) . Relatively new approaches for inferring population history are widely applicable for documenting introduction routes of invasive or quarantine species. These approaches are based on genetic variability calculated from changes in gene frequency of subpopulations, measured using molecular genetic markers. Inferences from population genetics can supplement and corroborate conventional observational approaches for characterizing insect dispersal and have provided important clues to many questions raised in the field of behavior and ecology of insects.
Over the last decade, we have used population genetics strategies to elucidate long-distance movement of three species of insect pestsboll weevil, Anthonomus grandis grandis Boheman (Coleoptera: Curculionidae) Sappington, 2004a, b, 2006; Kim et al., , 2008a Kim et al., , 2010 Choi et al., 2011) , western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) (Kim and Sappington, 2005; Miller et al., 2005 Miller et al., , 2007 Kim et al., 2008b; Miller et al., 2009a) , and European corn borer, Ostrinia nubilalis Hübner (Lepidoptera: Crambidae) (Kim et al., 2009 . All three are serious pests of row crops in North America, and all are invasive. Frequency, distances, timing, and spatial patterns of dispersal have been the subject of research in these three species for many decades. However, new management contexts have emerged in recent years that have exposed newly-relevant gaps in our understanding, creating a resurgence in research interest.
The boll weevil has been the object of an eradication program since the late 1970s, and has been eliminated from much of the cotton, Gossypium hirsutum, growing regions of the U.S. Eradication has been accomplished a few counties at a time at great expense to growers, and reinfestations through natural dispersal from areas that are still infested has been a constant concern, and will remain so into the foreseeable future. D. v. virgifera and O. nubilalis are both primary target pests of transgenic Bt-corn expressing one or more toxins derived from Bacillus thuringiensis. These very effective technologies have been widely adopted by the American farmer, placing tremendous selection pressure on the insect populations to evolve resistance, a phenomenon now documented in some populations of D. v. virgifera (Gassmann et al., 2011 (Gassmann et al., , 2012 . Developing effective insect resistance management (IRM) strategies to delay evolution of resistance by each target pest to each transgenic trait has become the topic of intensive research, both empirical and theoretical, for well over a decade. Projecting consequences of IRM strategies and predicting resistance evolution and spread rely heavily on a thorough knowledge of pest dispersal to parameterize models. These new contexts-eradication for A. grandis, and IRM for O. nubilalis and D. v. virgifera in Bt corn-have put a premium on understanding their movement over all spatial scales, and research on their dispersal has burgeoned.
In this paper, we summarize our work on the boll weevil as a case study to illustrate the kinds of information on dispersal capacity and dispersal patterns that can be obtained from population genetics techniques that would be difficult or impossible to acquire in other ways. Then we provide examples of how the molecular markers and population genetics tools have been applied to answer immediate questions of relevance to eradication program managers. Though the latter are idiosyncratic to this particular pest, they demonstrate the kinds and range of problems that can be addressed in other systems through application of population genetics strategies.
Boll weevil dispersal and eradication-background
The boll weevil is an economically devastating pest of cotton (Haney, 2001) , and a coordinated effort to progressively eradicate it from the U.S. was initiated in the late 1970s (Smith, 1998; . After three decades of intensive effort, eradication of this insect in the U.S. is now nearly complete, with its last stronghold in the subtropical cotton growing region in the Lower Rio Grande Valley of far southern Texas Smith et al., 2012) . It is native to southern Mexico and Central America (Burke et al., 1986) , and possibly South America (Scataglini et al., 2000 (Scataglini et al., , 2006 Guzmán et al., 2007) , and has infested domesticated cotton since at least 900 C.E. (Warner and Smith, 1968) . It began expanding its range northward in Mexico sometime in the mid-19th century, presumably as a result of increasing cotton cultivation. It began its invasion of the U.S. through the southern tip of Texas in 1892, and spread steadily north and east thereafter through the Cotton Belt, reaching the Atlantic Coast of Georgia by 1916 (Hunter and Coad, 1923; Burke et al., 1986) . A slower, secondary expansion into the High Plains of Texas began in 1959 (Bottrell et al., 1972) , reaching eastern New Mexico by 1991 (Pierce et al., 2001) . Boll weevils were reported infesting commercial cotton in Arizona beginning as early as 1920 (Coad and Moreland, 1921) , but these were seldom of economic importance until the 1960s Neal and Antilla, 2001) . Arizona populations attacking domesticated cotton, until their eradication from the state in 1987, are thought to have derived from populations along the west coast of Mexico rather than from the eastern U.S. or eastern Mexico (Burke et al., 1986) .
Throughout the eradication process there has been constant concern about immigration of weevils from still-infested to lesser infested zones (e.g., Pierce et al., 2001; Catanach and Kiser, 2012) . The negative impact of boll weevil immigration into an active eradication zone increases as population suppression in that zone progresses. This is because final eradication of low-level populations is often the most difficult, and reintroductions during that phase can set the program back disproportionately if new populations become established. Likewise, the concern over immigration does not disappear after a zone has been declared eradicated, because a reinfestation can be difficult and very expensive to eliminate. Thus, post-eradication programs continue indefinitely in all formerly infested areas to monitor for reintroductions. Reintroductions can occur through human-mediated transport of weevils hitchhiking on contaminated equipment and in harvested cotton being carried to a gin across zone boundaries , or through natural dispersal by flight. Until recently, long-distance dispersal of boll weevils by flight was poorly understood, making the relative threats of immigration by humanmediated transport or natural flight difficult to assess. Furthermore, when a reintroduction was detected, it was difficult or impossible to determine the source region, a handicap for program managers in making the best decisions for dealing with a new infestation and in intervening to prevent further incursions if the mechanism of transport was human-mediated.
Eradication zones vary greatly in geographic size, ranging from a few to many counties, depending on several factors including amount and spatial distribution of cotton acreage, landscape, local climate, political boundaries, and local economies and politics. Although eradication efforts generally progressed from east to west through the southeastern Cotton Belt, eradication zones often entered the program in a not entirely scientifically-rational ordering. Creation of an active eradication zone depended on approval by local cotton producers through referenda, and growers in some zones, or parts of zones, were more ready to support the program than others. Reticence was only natural, because once the program was approved, all growers were required by law to pay monetary assessments to finance the program. The inability to implement fully-rational spatial and temporal entry of zones into the program had the effect of increasing the total length of zone boundaries marking steep gradients in boll weevil population densities. It is in this context-the temporal irregularity of zones entering the eradication program and the resulting spatial patchwork of active and inactive zones-that knowledge gaps concerning long-distance dispersal were most keenly lamented.
By the late 1990s, considerable evidence had accumulated that boll weevils are capable of long-distance movement. Boll weevils are not strong fliers (McKibben et al., 1991; Sappington et al., 2001) , and they have difficulty making headway against surface winds (Hardee et al., 1969; Moody et al., 1993; Sappington and Spurgeon, 2000) . But even weak flying insects can disperse great distances when flying with the wind (Riley et al., 1995; Lushai and Loxdale, 2004) , and boll weevils are no exception (Culin et al., 1990; Westbrook et al., 2000 Westbrook et al., , 2011 Stadler and Buteler, 2007; Kim et al., 2010) . Especially late in the season after cotton harvest, they have been detected with traps and aircraft tow-nets flying high above the ground (Glick, 1939; Taft and Jernigan, 1964; Rummel et al., 1977) , where wind-aided dispersal is most efficient (Taylor, 1974; Drake and Farrow, 1988) . Yearly range-expansion data incorporate dispersal events over more than one generation and thus do not translate directly into individual dispersal distances. Nevertheless, wind-aided dispersal of boll weevils was evident in the increased rate of range expansion through the southeastern U.S. in years with hurricanes and tropical storms (Hinds, 1916; Culin et al., 1990) . Circumstantial evidence from collection data suggested dispersal events of 41 km (Beckham and Morgan, 1960) , 72 km (Davich et al., 1970) , 80 km (Pierce et al., 2001 ), 97 and 160 km (Lukefahr et al., 1994) , at least 145 (but probably 241) km (Spurgeon et al., 1997) , and 190 km (Jones et al., 1992) . Recapture of marked boll weevils provided direct evidence for dispersal of 72 km (Johnson et al., 1976) and 272 km (Guerra, 1988) .
Although these studies indicated the ability of boll weevils to disperse far beyond the scale of fields and farms, the frequency at which individuals dispersed various distances was unclear. A wide range of tools are available to analyze genetic data to determine both frequency and distance of dispersal in a species (Broquet and Petit, 2009) . A few earlier studies brought population genetics strategies to bear on questions of boll weevil long-range movement. Bartlett (1981) examined three populations in Arizona, each separated by 50 to 210 km, and each collected from three different species of cotton. Boll weevil infestations of Arizona domestic cotton are thought to represent a "Mexican" form of the species that originally spread north from southern Mexico along the Pacific Coast, independent of the range expansion in eastern Mexico that continued across the southeastern U.S. Cotton Belt (Burke et al., 1986) . One of the populations was collected from G. thurberi, thus representing the thurberia boll weevil, a putative form of A. grandis that seems not to infest cultivated cotton, G. hirsutum, in economic numbers. Analyses of allozyme allele and genotype frequencies indicated little gene flow between them, but it is unclear whether this isolation reflected differential host preference, geographic distance, or both. A similar question accompanied interpretation of mitochondrial DNA (mtDNA) restriction fragment length polymorphism (RFLP) haplotypes potentially diagnostic for thurberia weevils (Roehrdanz, 2001) , because collections from the host plants G. thurberi and G. hirsutum are confounded with substantial geographic separation of the samples (Arizona and Texas, respectively). Allozyme data of populations from more sample locations in Arizona and northwestern Mexico by Bartlett et al. (1983) suggested possible gene flow between some populations infesting G. thurberi and those infesting G. hirsutum, but such patterns were geographically complex.
Population genetics and gene flow in boll weevil Terranova et al. (1990) examined genetic differentiation among 9 populations in the Cotton Belt from southern Texas to North Carolina at 12 allozyme loci. The average F ST was 0.085. Pairwise F ST values among populations across loci were not reported, but mean F ST among populations in Texas and Louisiana (0.065) was greater than that among the other four populations sampled from Mississippi, Georgia, South Carolina, and North Carolina (0.018). Polymorphism and rare alleles decreased from south Texas to North Carolina, and seem to reflect founder effects from the range expansion. Scataglini et al. (2000) used Random Amplified Polymorphic DNA (RAPD) markers to estimate pairwise F ST values among 5 populations infesting cultivated cotton in Brazil, Argentina, and Paraguay, from which they calculated effective number of migrants between populations per generation (Nm). Geographic distances between these five populations ranged roughly from 240 to 2550 km. All locations were genetically differentiated, with estimated Nm ranging from 0.1 to 1.1. Despite the high levels of differentiation (pairwise F ST values ranged from 0.178 to 0.578), there was no pattern of isolation by distance among these populations. This may be due to founder effects accompanying the recent range expansion of boll weevil through this part of South America, which began in Brazil in the early 1980s and in Paraguay and Argentina in the early 1990s (Lukefahr et al., 1994; Scataglini et al., 2000) .
Our first goal was to examine genetic structuring of populations over a large geographic scale to get an idea of the level of gene flow that occurs at various spatial scales. This was of direct relevance to the eradication and post-eradication programs, because it would clarify the distance at which natural dispersal by flight could pose a threat to an eradication zone. We approached this question with three different types of molecular markers, each with their strengths and weaknesses, but together providing a robust picture of population differentiation and gene flow in the U.S. Cotton Belt. Adult samples were collected at each of 18-20 locations in 8 U.S. states, and from a location just north of Tampico, Mexico, using traps baited with aggregation pheromone. These U.S. samples represented areas from the breadth of the Cotton Belt that still had extant populations. Populations in areas further to the east and in Arizona had already been eradicated. To facilitate analyses, the populations were grouped into western (Oklahoma, New Mexico, and 4 western Texas populations), southcentral (6 populations along a south-north line from Tampico, Mexico to Waxahachie, Texas), and eastern (8 populations from Arkansas, Louisiana, Mississippi, Missouri, and Tennessee) regions. Pairwise geographic distance between populations ranged from 103 to 1757 km.
Our initial experiments were conducted with mtDNA RFLPs (Kim and Sappington, 2004a ) generated by 10 restriction enzymes from a 12.4-kb PCR fragment amplified with primers developed by Roehrdanz and Degrugillier (1998) . Twenty-eight haplotypes were identified from 419 individuals of 20 populations. mtDNA markers are relatively easy to develop, but are maternally inherited and represent variation at essentially a single locus, which must be considered when interpreting results (Ballard and Whitlock, 2004) . In a second study, we examined a subset of the same populations and individuals at 67 RAPD loci (Kim and Sappington, 2004b) . These markers provided a nuclear complement to the mtDNA data, and provided better resolution because of higher genetic diversity. RAPDs have the drawback of being dominant markers, because heterozygotes cannot be distinguished from homozygous dominant genotypes, which means that Hardy-Weinberg equilibrium must be assumed in analyses. Nevertheless, these two studies provided a good preliminary view of differentiation and gene flow to help eradication managers and regulators understand what they were facing in terms of long-range natural movement by boll weevils.
Meanwhile we developed several microsatellite markers (Kim and Sappington, 2004c) , also known as simple sequence repeats (SSR), which have the advantages of codominant inheritance and of being hypervariable (Zhang and Hewitt, 2003; Selkoe and Toonen, 2006; Ellis and Burke, 2007) . Their main disadvantage is time and cost of development (Zane et al., 2002; Squirrell et al., 2003) , although recent advances in identification via data-mining of expressed sequence tag (EST) (Kim et al., 2008b; Coates et al., 2009a; Wordley et al., 2011) or other sequence databases (Santana et al., 2009; Meglécz et al., 2010; Perry and Rowe, 2011) can speed development considerably. We applied 11 of these microsatellites to characterize genetic structuring and gene flow in the same populations in the mtDNA RFLP and RAPD studies, but with more individuals genotyped per location .
The results from the three types of markers were generally similar, although some discrepancies were noted. Analyses with all markers agreed that genetic diversity is greater in the south than in the north, a pattern consistent with a previous allozyme study (Terranova et al., 1990) . As a species invades, genetic variation tends to be lost through founder events during colonization and subsequent genetic drift in the small, disjunct, colonizing populations (Sakai et al., 2001; Allendorf and Lundquist, 2003; Ciosi et al., 2008; Estoup and Guillemaud, 2010) . All three types of markers in our studies exhibited less diversity in populations north of Kingsville in southern Texas. Although this pattern reflects the original range expansion out of Mexico through southern Texas with an initial expansion to the east (Hunter and Coad, 1923) and a later expansion into western Texas and New Mexico (Bottrell et al., 1972) , the elapsed time since the invasions makes the relatively large difference in variation somewhat unanticipated. The populations of boll weevils north of Kingsville were depauperate in rare alleles and genetic diversity, despite a century since establishment. If gene flow was severely restricted in this species, differences generated during the invasion might persist over many generations. However, the relatively rapid rate of the original range expansion indicates this is not a viable explanation. Furthermore, the boll weevil range expansion spreading north from Mexico proceeded along a broad front, which would presumably result in retention of much of the variation from the source region in the colonizing populations in the first place. Any losses in genetic diversity would be expected to be transient, as subsequent gene flow from the source region would serve to introduce the missing variation (Ciosi et al., 2008 (Ciosi et al., , 2011 . A possible explanation for these patterns of reduced variation in the north would be that heavy insecticide pressure created frequent genetic bottlenecks in populations throughout these regions. For example, coordinated efforts to slow the spread of the boll weevil in west Texas through areawide suppression programs (Rummel et al., 1975; Stavinoha and Woodward, 2001) almost certainly resulted in frequent and severe local bottlenecks. Similarly, all of the locations sampled east of Texas were in the midst of active eradication efforts at the time of sampling, which could have had the same effect of generating recurrent local bottlenecks. Although insecticide use in south Texas and northeastern Mexico is also heavy, the closer proximity of the southern populations to ancestral source regions in southern Mexico might allow quicker replenishment of genetic variation, and thus could account for maintenance of the south to north gradient in genetic diversity over time.
The degree of genetic differentiation among populations was examined through measures of haplotype (mtDNA) or allele (RAPD, microsatellite) frequencies, namely the fixation indices Φ ST or F ST , respectively. F ST (or the analogous Φ ST ) values can range from 0 to 1, with higher values indicating greater genetic differentiation at selectively neutral loci. Assuming negligible mutation rate, populations of equal size, and symmetrical migration rates, F ST between two populations is determined by the balance between genetic drift and immigration rate. Thus, in principle, F ST is inversely proportional to gene flow: Nem = (1− F ST )/4 F ST (Wright, 1951; Broquet and Petit, 2009; Holsinger and Weir, 2009) , where Ne is the effective size of each population, and m is the immigration rate. Although the assumptions for estimating immigration rate from F ST are often violated (Whitlock and McCauley, 1999) , the relationship is sound and the results are relatively robust to some violations (Broquet and Petit, 2009) . Similarly, for mitochondrial markers, the number of female migrants N f m is calculated as (1 − Φ ST )/2Φ ST (Wright, 1943) .
For the boll weevil, we found that genetic differentiation was greater among regions than between populations within regions. Less movement was inferred among populations in the western region than the eastern, perhaps because of less favorable habitat bridging harsh environments between cultivated cotton fields in the arid west. Patterns of isolation by distance were not apparent in the eastern and western regions for any of the three types of neutral markers investigated, running counter to what one would expect if the populations in those areas had reached migration/genetic drift equilibrium. This might be related to human-induced bottlenecks as proposed above. In contrast, significant isolation by distance was evident among the populations sampled in the south-central region, from Tampico, Mexico to Waxahachie, Texas (Fig. 1) . Consequently, we calculated pairwise gene flow between populations in the south-central region for each of the marker systems (Fig. 2) . The mitochondrial RFLP markers indicated greater gene flow than the RAPD and microsatellite markers, possibly because of female-biased gene flow or other unknown reasons inherent to the marker systems (Birky et al., 1983) . But, in general, a consistent picture emerges: one or two individuals from a population can be expected to disperse long distances, from roughly 200 to 600 km per generation. Although most individuals in a population disperse b 100 km, the few traveling long distances can be of great importance in an eradication context .
In addition to the standard population genetics analyses just described, which can provide a historical view of effective movement between locations, molecular markers can be used to identify probable first-generation migrants in a sample, and the most likely location from which a migrant originated (Paetkau et al., 1995 Manel et al., 2005; Miller et al., 2009b) . Population assignment strategies are based on comparison of the multilocus genotype of an individual to the genetic profiles of populations across the same loci to identify the best match, or most probable source among the populations sampled (Miller et al., 2009b; Glover et al., 2010) . Assignment techniques have been used extensively in conservation and fisheries biology (Waples et al., 2008) , but only recently are starting to be applied more frequently to entomological questions (e.g., Miller et al., 2005; Aketarawong et al., 2007; Ciosi et al., 2008; Bray et al., 2011) .
In the case of boll weevils, we initially conducted population assignment and exclusion tests (Rannala and Mountain, 1997; Paetkau et al., 2004; Piry et al., 2004) to examine spatial patterns and frequency of recent migration events . Of 510 individuals from 18 populations genotyped at 11 microsatellite loci, 41 were identified as first generation migrants at a probability threshold of α =0.05 (and 12 migrants at α= 0.01) (Fig. 3) . About 60% of interpopulation movement occurred within regions, but a surprising amount of inter-regional migrant exchange was detected. The revealed patterns have important implications for post-eradication management and monitoring. For example, the extensive exchange of migrants between Tampico and Weslaco, and between Weslaco and Kingsville, underscores the importance of vigilance for reintroductions as eradication nears completion in southern Texas. The cotton-growing area just north of Tampico currently is not slated for boll weevil eradication, and it is clear that the extensive cotton-free area between it and the Lower Rio Grande Valley is not a sufficient barrier to reintroductions to the U.S.
Applications in boll weevil eradication management

Source of population resurgence
Boll weevil eradication zones were established in the state of Chihuahua, Mexico in 2001, but not in the nearby region around Tlahualilo, Durango where boll weevils had not been detected since 1993. Surprisingly, and distressingly, boll weevils were captured in fairly large numbers around Tlahualilo in 2004 and 2005, revealing an unexpected potential source population of migrants into Chihuahuan eradication zones. Officials initially suspected imports of cotton seed from the U.S. as the source of the new infestation, and were considering halting further shipments. However, extensive experimentation had demonstrated that boll weevils cannot survive the ginning process to be deposited alive in the seed , effectively ruling out that scenario. Instead, Pedro Cano-Ríos, an entomologist with Mexico's National Institute for Forestry, Agronomy and Animal Research, hypothesized that a 50% increase in rainfall in this normally arid region of Mexico in 2004 led to a resurgence of the local boll weevil population that had been present all along but at levels too low to detect. He contacted us to see if population genetics could shed light on this question. We also considered an alternative hypothesis that the boll weevils detected in 2004-2005 represented a recolonization of the Tlahualilo area after recent immigration from an established population. To test these alternative hypotheses, we examined the genetic relatedness at 10 microsatellite loci among boll weevils from Tlahualilo and those from four potential source populations: Rosales and Ojinaga, Kim and Sappington (2004b) . Microsatellite data and figure panels (modified) from .
Chihuahua to the north; Tampico, Tamaulipas to the southeast; and Weslaco, Texas to the east . Although the Rosales and Ojinaga regions were under an active eradication program, boll weevil populations were still extant. Genetic differentiation was high among all pairs of populations, with a global F ST of 0.287. The F ST based estimates of migration rate (Nem) were consequently low, ranging between 0.36 and 1.36 migrants exchanged per generation. Maximum likelihood estimates of unidirectional Nem (Beerli and Felsenstein, 1999) were also low. Structure analysis (Pritchard et al., 2000) of the genetic data confirmed that the five sampled locations most likely represented five independent populations. A relationship tree (dendrogram) based on interindividual distances in the proportion of shared alleles likewise clustered into 5 main groups, generally consistent with sample location. The cluster from Tlahualilo contained quite a few boll weevils that were most similar to Rosales weevils, but most of the cluster consisted of Tlahualilo individuals. Using the L home statistic of Paetkau et al. (2004) , which does not depend on sampling all potential source populations, to detect first generation migrants, 1 of the 53 individuals sampled in Tlahualilo was identified as a migrant, and it's most likely origin was Rosales, 200 km to the north. Similarly, population assignment and exclusion tests based on both Bayesian and mean log-likelihood assignment approaches (Rannala and Mountain, 1997; Cornuet et al., 1999 ) also suggested that a few of the weevils in the Tlahualilo sample (4) originated from the Rosales location, but that 92% of the Tlahualilo weevils were best assigned to their own location. Together, the genetic evidence supported the hypothesis that the boll weevils captured in Tlahualilo in 2004 and 2005 were from a local population that had gone undetected for about 10 years before increasing under favorable rainfall conditions. Although Tlahualilo was clearly receiving immigrants from Rosales, Rosales was also clearly receiving immigrants from Tlahualilo, confirming the intuitive threat of Tlahualilo boll weevil populations to eradication efforts in Chihuahua.
Testing for foul play
From August to October 2006 a total of 37 boll weevils were found in several pheromone traps in the vicinity of Lubbock, Texas in the Southern High Plains/Caprock eradication zone (Kim et al., 2008a) . This zone entered an active eradication program in fall of 2001, and populations were very low within two years. No boll weevils had been captured in 2006, until two were recovered the week of 21-27 August. Eradication managers saved 5 of the 37 weevils captured that fall and asked us if we could examine them using population genetic markers to determine their likely source. As in the case with the boll weevils captured in Tlahualilo, it was possible they represented a resurging local population, or they could have immigrated from elsewhere, either by natural flight or by transport on contaminated farm equipment. However, in this case, we learned of circumstantial evidence that the weevils may have been planted in the traps by a disgruntled employee, motivated to discredit the program. This evidence included: 1) all but one weevil was found dead in the traps-although the traps are checked weekly and mortality is not uncommon, usually at least some are found alive; 2) several captures were of multiple individuals in nearby traps on the same day, instead of the usual single captures; 3) inability of experienced personnel to locate infestations in any of the fields adjacent to captures, when normally their ability to do so is close to 100%; 4) abbreviated time window of captures, unlike the normal temporal pattern characteristic of a true infestation; and 5) access of a suspected employee to weevils from a still-infested zone, and an unconfirmed report that he was seen carrying a "bag full of weevils". Thus, we also had to consider a "sabotage" hypothesis (Kim et al., 2008a) .
We approached the question of origin using the same strategy as in the Tlahualilo study, employing population exclusion and assignment tests. The five test weevils were genotyped at 10 microsatellite loci and compared to genetic data from 22 potential source populations, including a population collected a few years earlier from the Lubbock area. The data for the five test weevils were pooled to increase statistical power, under the assumption that these individuals, or their parents, were part of the same immigration event and thus originated from the same geographic source. This is a reasonable assumption given their tight spatial and temporal distribution in an area otherwise free of weevils.
The exclusion tests ruled out sources in Mexico and states east of Texas, and there was little support for origins in south Texas or the College Station area. Although Lubbock itself was not excluded as a Dashed lines indicate dispersal distance predicted for 1 or 2 migrants per generation. mtDNA-RFLP data from Kim and Sappington (2004a) . RAPD and microsatellite figure panels from . potential source, it was not identified as the most likely source for any of the five test weevils, providing evidence against the resurgent local population hypothesis. Possible source regions supported by the genetic data included all of those sampled from western Texas, eastern New Mexico, and southwestern Oklahoma. However, populations at all of these locations in 2006 were extremely low or undetectable thanks to successful eradication efforts, making each an improbable source of migrants. Instead, areas in eastern Texas, represented by Waxahachie and El Campo, were supported by the genetic data, and both were in zones that still had substantial boll weevil populations. The employee suspected of sabotage worked for the eradication program in the Northern Blacklands zone, which includes Waxahachie, in 2005, and transferred to the Lubbock area for the 2006 season. Thus, the genetics data are consistent with the sabotage hypothesis. Interestingly, however, the genotype data suggest another possibility that cannot be ruled out. Among all five individuals, there were no more than three alleles at any locus. Furthermore, two of the weevils had identical genotypes at all 10 loci. Together, this suggests that the five individuals may have been siblings. If so, then it is possible that a single gravid female immigrated from the Northern Blacklands, either naturally or by inadvertent transport, and that the boll weevils captured were all siblings. Nevertheless, given the other circumstantial evidence, it seems most likely that the boll weevils found in traps near Lubbock in 2006 were planted by a disgruntled employee, although this cannot be concluded definitively (Kim et al., 2008a) .
Source of storm-deposited immigrants
In late summer of 2007, about 150 adult boll weevils were captured in monitoring traps in the Southern Rolling Plains eradication zone of west-central Texas (Kim et al., 2010) (α = 0.05) Fig. 3 . Assignment of the most likely source population of probable (α = 0.05) first-generation boll weevil migrants, with inferred pathways indicated by arrows. Based on microsatellite genotype data analyzed by the assignment criterion of Rannala and Mountain (1997) and the Monte Carlo resampling method of Paetkau et al. (2004) . Data from bend of Texas early on 16 August. The track of the storm circled clockwise through the state skirting the southern and western edges of the Southern Rolling Plains before exiting into Oklahoma on 19 August. The first boll weevils were captured in the zone during the week beginning 26 August. Transport of boll weevils long distances in tropical storms and hurricanes had been inferred previously (Hinds, 1916; Culin et al., 1990; Westbrook et al., 2010) . The question concerned the origin of the weevils brought into the Southern Rolling Plains on the winds. It was clear they must have originated in a region that still harbored substantial populations. We hypothesized that the source of immigrant weevils was most likely either the Southern Blacklands zone near Cameron to the east, or from the Winter Garden area to the south near Uvalde.
We combined three different strategies to address this question (Kim et al., 2010) . Backtrack wind trajectory analysis was conducted using the HYSPLIT Transport and Dispersion model (Draxler and Rolph, 2003; Rolph, 2003) . Wind trajectories into Concho County of the Southern Rolling Plains were reconstructed and transport potential assessed for each day from 13 August to 10 September. The results supported wind-aided transport from the Uvalde area over a 9-day period beginning the day of Erin's landfall, and did not support transport from Cameron for any of the days. The second strategy was to examine pollen species profiles extracted from the surface and gut of boll weevils captured in the Southern Rolling Plains, and compare them with profiles extracted from weevils captured in early September in the Cameron and Uvalde areas. This strategy is based on the idea that pollinating plant species assemblages differ across regions (Jones and Jones, 2001) . Boll weevils are pollen feeders and readily pick up pollen grains in or on their bodies (Cate and Skinner, 1978; Jones, 1997) . The results were not definitive, but indicated a closer match of the Southern Rolling Plains profiles to those on boll weevils in the Uvalde area than to the Cameron area.
The third method was to apply population genetics assignment and exclusion tests to the boll weevils captured in the Southern Rolling Plains. We genotyped weevils sampled from the Uvalde and Cameron areas at 10 microsatellite loci, and added them to our previous database of populations from other locations. Our genotype database allowed us to test a number of other populations as potential sources of the immigrants to the Southern Rolling Plains. The results clearly favored a Uvalde origin over Cameron, in agreement with the wind trajectory and pollen data. However, it also was consistent with an origin in the Lower Rio Grande Valley, represented by the population near Weslaco. This location is farther away than Uvalde, but certainly a possibility considering the strong and consistent winds from that direction which could have transported the weevils fairly rapidly over that distance, perhaps in stages over several days (Kim et al., 2010) .
Conclusions
Mark-recapture experiments had previously shown that boll weevil dispersal up to 272 km was possible (Guerra, 1988) , but it was unclear how often such flights might transpire, or if dispersal of even greater distances occurred. Population genetics analyses of boll weevil populations in the U.S. and parts of Mexico confirmed that adults routinely travel long distances. Using genetic variation at neutral loci as markers, we established that dispersal events of 640-740 km were of low frequency but could be expected between populations on a regular basis. These results have been critical in helping eradication managers weigh the threat of natural immigration across potential barriers to dispersal. For example, the cotton-free desert between the cotton growing area north of Tampico, Mexico, and the Lower Rio Grande Valley is about 350-400 km across. Although it is a formidable barrier, gene flow estimates indicate it is well within the range of boll weevil migrants, and realtime migrant exchange has been detected between these locations using population assignment techniques . It had been hoped for a number of years that the nearly cotton-free band~100 km wide south of the Kingsville area could serve as a barrier to northward dispersal from the Lower Rio Grande Valley, where the subtropical climate, high boll weevil populations, and late entry into the program complicated eradication efforts. However, it is clear from the genetic data that dispersal (or transport on farm equipment and vehicles) over such a distance is common, and that eradication of populations in the Valley will be necessary to stop the flow of immigrants to the South Texas/Winter Garden eradication zone.
Population genetics is a powerful tool for characterizing the patterns and frequency of long-distance movement for a species. However, its sensitivity can be blunted, and results can be distorted, if the populations studied are not in migration/drift equilibrium. Departures from equilibrium are most commonly caused by genetic bottlenecks associated with invasion or human-mediated population reductions with insecticides. Bottlenecks can be detected analytically, and obvious potential for severe bottlenecks such as a widespread eradication or suppression program must be kept in mind when interpreting results.
Both bottlenecks and genetic drift can cause genotype and allele frequencies to change over time in a population, but sampling usually cannot be reconducted every year. Such changes will be more pronounced in areas where suppression of populations directly causes bottlenecks or local extinctions followed by founder effects of new colonizers. Thus, it is important to update the genotype database every few years if possible. We did this recently for boll weevil, resampling eight populations in 2009 from areas previously sampled from 2000 to 2007 (Choi et al., 2011) ; other populations could not be resampled because of their successful eradication. Genetic profiles of four of the eight locations had changed significantly since they were first sampled (based on temporal F ST values), and these results were confirmed by frequency-based assignment tests. Therefore, the 2009 genotype data have replaced the old in the database for these four temporally-divergent populations. Conversely, the 2009 data for the four nondivergent populations have been pooled with the older data, which will increase power in future analyses.
Our studies also emphasize the importance of integrating other information whenever possible to maximize the power of the genetics data in reconstructing the mechanism and sources of immigration events. Often population assignment and exclusion analyses can only narrow-down the most likely possible source areas. For example, in the case of tropical storm-deposited boll weevils in the Southern Rolling Plains, pollen and wind trajectory analyses provided supporting evidence for an origin near Uvalde. Likewise, the latter analyses alone would not have been conclusive, but when combined, the evidence for a Uvalde origin was quite strong. In the case of the boll weevils collected unexpectedly near Lubbock, the genetics data narrowed down the possible regions of origin to two regions in eastern Texas, and several areas in west Texas near Lubbock. However, the latter could be ruled out based on the low population levels in those areas, which would be unlikely to provide the propagule pressure necessary to result in the pulse of immigrants received in Lubbock. Furthermore, evidence in the spatial and temporal patterns of capture in Lubbock area traps and the physical condition of the collected weevils, along with information on a suspected saboteur, lent weight to the weevils being a deliberate plant. The genetic data provided a note of caution, however, in that the captured weevils seemed closely related, possibly siblings, arguing against sabotage by an employee drawing from "a bag of weevils", and raising an alternative hypothesis of immigration by a single gravid female. In the end, population genetics strategies provide powerful tools for understanding long-distance migration, and like most other ecological tools, they are even more powerful when used in combination with other complementary types of evidence.
Although standard parameters of population genetics-genetic diversity, genetic differentiation, gene flow, partitioning of genetic variation-will continue to be of fundamental interest in most studies, new analytical tools continue to be developed and are useful options to have in one's toolbox to address certain questions (Kim and Sappington, in press) . Advances in population genetics theory, methodology, and analytical software continue apace, and will only accelerate in the near term as next-generation sequencing technology becomes increasingly rapid and affordable, opening new, reachable horizons of inquiry. Mining of sequence databases allows a rapid identification of potential marker loci, such as microsatellites and SNPs (Kim et al., 2008b; Bai et al., 2010; Blanca et al., 2011; Coates et al., 2009a Miller et al., 2012) . Although microsatellites are excellent markers for most insects, including boll weevil, they are especially problematic for Lepidoptera (Meglécz et al., 2007; Coates et al., 2009b) , a large order containing many pest species. An individual multiallelic microsatellite locus carries more information than an individual biallelic SNP locus. However, the increasing ability to discover, develop, and genotype 100s of SNP loci by next-generation sequencing methods results in a net gain in sensitivity in population-level comparisons of variation over what the normal dozen or so microsatellite loci can provide. Furthermore, the relative affordability of genotyping numerous SNP loci at a core facility on campus saves a large investment in time the researcher might otherwise have to make to genotype microsatellite loci in their own laboratory. In our own research, we have thus switched to the use of SNP markers in the European corn borer (Lepidoptera), where microsatellites have been difficult to use, and in western corn rootworm (Coleoptera), where maximum sensitivity to detect population genetic structure is of great value to us in characterizing gene flow.
